The NMJ (neuromuscular junction) serves as the ultimate output of the motor neurons. The NMJ is composed of a presynaptic nerve terminal, a postsynaptic muscle and perisynaptic glial cells. Emerging evidence has also demonstrated an existence of perisynaptic fibroblast-like cells at the NMJ. In this review, we discuss the importance of Schwann cells, the glial component of the NMJ, in the formation and function of the NMJ. During development, Schwann cells are closely associated with presynaptic nerve terminals and are required for the maintenance of the developing NMJ. After the establishment of the NMJ, Schwann cells actively modulate synaptic activity. Schwann cells also play critical roles in regeneration of the NMJ after nerve injury. Thus, Schwann cells are indispensable for formation and function of the NMJ. Further examination of the interplay among Schwann cells, the nerve and the muscle will provide insights into a better understanding of mechanisms underlying neuromuscular synapse formation and function.
INTRODUCTION
Chemical synapses are specialized cell-cell junctions where a neuron conveys information to its target cell by releasing neurotransmitters. Most synapses are composed of a presynaptic neuron, a postsynaptic target and nearby glial cells. In this review, we focus on the glial component, Schwann cells, and their roles in the formation and function of the NMJ (neuromuscular junction). The NMJ is a synapse between a motoneuron and a muscle cell and is one of the best-studied model synapses. Studies over the last several decades have identified a number of signalling molecules crucial for co-ordinated interactions among synaptic components during neuromuscular synaptogenesis [1] [2] [3] [4] [5] [6] [7] [8] . Some of the signalling molecules identified at the NMJ are also involved in synaptogenesis in central synapses [9] . At the NMJ, Schwann cells are involved in the maintenance of the NMJ during development and the re-establishment of the NMJ after nerve regeneration. A large body of evidence has also demonstrated that Schwann cells modulate synaptic activity at the NMJ. Thus Schwann cells actively participate in both formation and function of the NMJ.
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TERMINAL SCHWANN CELLS: THE GLIAL COMPONENT OF THE NMJ
Initially the presence of additional cells besides the nerve and muscle cells at the NMJ had been controversial [10] . Only in the past two decades have glial cells been recognized as an integral component of the NMJ [11] . Synapse-associated nonmyelinating Schwann cells are variously called teloglia, perisynaptic Schwann cells or terminal Schwann cells. In this section, we provide a detailed description of ultrastructure of the developing and mature NMJs to illustrate the cellular organization of the NMJ, including the presynaptic nerve terminal, the postsynaptic muscle cell, the Schwann cells accompanying the nerve terminal and the perisynaptic fibroblast-like cells [12] [13] [14] .
Origin and development of the Schwann cells
During embryonic development, Schwann cells are originated from the neural crest cells. In mice, the generation of Schwann cell precursors takes place at E12-E13 (embryonic day 12-13), followed by immature Schwann cells at E13-E15, which
Figure 1 Distribution of Schwann cells along the nerve during neuromuscular synaptogenesis
Mouse diaphragm muscle at E18.5 was immunolabelled with anti-S100 antibody (in green) for Schwann cells (A) and Texas Red-conjugated α-bungarotoxin (in red) for postsynaptic AChR (B). Schwann cells (arrowhead in A) delineanate both the nerve trunk (*) and the nerve branches and are present at the NMJ (arrowheads in C) as well as the tip of the nerve branches extended beyond the NMJ (arrow in C 
The presence of Schwann cells at nerve-muscle contacts during development
Shortly before the formation of primary myotubes, motor axons arrive at the developing muscle along with Schwann cells. The nerve extends primary intramuscular nerve through the central region of the muscle vertical to the long axis of the myotubes and then further extends secondary and tertiary nerves from the primary nerve. The distribution pattern of the developing Schwann cells can be monitored by using anti-S100 antibodies ( Figure 1 ). During early postnatal development, terminal Schwann cells proliferate and increase the number of their soma per NMJ significantly [18, 19] . The Schwann cell soma exists only in half of NMJs at birth, whereas typical adult NMJs have three to four terminal Schwann cell somata in frogs and rodents [18] [19] [20] . The number of terminal Schwann cells per NMJ is tightly regulated and related to the end-plate size that they cover [21, 22] .
Recently NT-3 (neurotrophin 3) produced by muscle has been proposed to determine the number of terminal Schwann cells [23] .
Since Schwann cells migrate along the nerve, they are present at the earliest nerve-muscle contact. Figure 2 (A) illustrates an early stage of synapse formation (E15.5 of mouse diaphragm). A cluster of unmyelinated axons wrapped loosely by immature Schwann cells makes close apposition to the surface of myotubes. Synaptic contacts appear very simple, and there is little sign of presynaptic and postsynaptic specialization, although the basal lamina is clearly seen at the synaptic cleft. Nerve terminals are small and contain only a few synaptic vesicles. Neither junctional folds nor subsynaptic sarcoplasmic area are present; hence, a myofibril can be seen just beneath the nerve-muscle contact. Figure 2 (B) shows more advanced embryonic stage (E18.5 of mouse diaphragm). Primitive junctional folds are found in some NMJs as shown here (arrowheads in Figure 2B ). Subsynaptic sarcoplasma becomes apparent accumulating many organelles, such as mitochondria and endoplasmic reticulum. Multiple nerve terminals make synaptic contact and even a cluster of synaptic vesicles can be seen at the presynaptic membrane (arrow in Figure 2B) . The numbers of synaptic vesicles in the terminals are variable. Basal lamina is clearly present in the synaptic cleft. The processes of immature Schwann cytoplasm tightly wrap the cluster of nerve terminals.
Cellular organization of the NMJ
As NMJs matured, the tripartite arrangement of the NMJ is established. This is illustrated in Figure 3 (A), a lowmagnification electron micrograph of an adult mouse NMJ. The spatial arrangement has also been revealed by scanning electron
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C The Authors Journal compilation C 2011 Biochemical Society microscopy [24] . Multiple nerve terminal profiles, which are half embedding in a gutter of the muscle membrane, appose to the postsynaptic specialization, in which the receptors for neurotransmitter acetylcholine are localized. Junctional sarcoplasma contains subsynaptic muscle nucleus and other organelles. In this instance, Schwann cell soma is present above the nerve terminals. Outside of the basal lamina above the Schwann cell, thin processes can be seen over the NMJ area ( Figure 3A , arrows). These processes are likely the newly identified NMJ-capping cells [12] . Figure 3 (B) is a higher magnification of one of the nerve terminals in Figure 3 (A). The nerve terminal contains abundant synaptic vesicles, mitochondria and occasionally vesicular structures. Elaborated junctional folds are evident in the postsynaptic specialization. The top portion of the nerve terminal is covered by Schwann cells process directly without basal lamina (arrows in Figure 3B ). A fibroblast-like cell, recently referred to as kranocyte [12] , caps the terminal Schwann cells and extends its cytoplasmic processes over the entire end-plate area (arrows in Figure 3A) . Every adult NMJ is covered by one or two kranocytes in rodents. Kranocytes are evenly distributed in newborn mouse muscle, but become restricted to NMJ area during postnatal development.
Whether kranocytes play any role in synapse formation is not known. However, after denervation, kranocytes quickly proliferate and spread over the NMJ area before Schwann cell sprouting, suggesting they may play a role in NMJ repair after nerve injury. Similar cell accumulation at the NMJ has been observed after denervation in rat and frog, and these cells have been suggested to be of fibroblast origin [13, 14] . Notably kranocytes are positively immunostained by anti-NRG (neuregulin) antibody [12] . This raises the possibility that kranocytes may interact with terminal Schwann cells through NRG signalling.
ROLE OF SCHWANN CELLS DURING THE FORMATION OF THE NMJ
As discussed in the previous section, Schwann cells are present at the beginning of nerve-muscle contact, suggesting their involvement in neuromuscular synapse formation. Genetic studies of NRG1 and its receptor (erbB2 and erbB3) in mice provide valuable information for the role of Schwann cells in the formation of the NMJ. NRG1-erbB signalling is essential for the survival of the entire Schwann cell lineage [15] ; disruption of NRG1-erbB signalling causes severe deficiency of Schwann cells. Both NRG1 and erbB mutant mice lack Schwann cells in the periphery [25] [26] [27] [28] [29] . In the absence of Schwann cells, motor axons still project and reach the target muscles, but are markedly defasciculated. This suggests that Schwann cells are dispensable for axon path finding but are essential for nerve fasciculation.
In erbB2, erbB3 and cysteine-rich-domain-containing NRG1 mutant mice, the NMJs are initially established but fail to be maintained [25] [26] [27] [28] [29] . Thus, Schwann cells are dispensable for the initial nerve-muscle contacts but are essential for subsequent growth and maintenance of the developing synapses. The maintenance role of terminal Schwann cells has been further supported by observation of the developing NMJ in tadpoles, in which the extension of Schwann cell processes always precedes AChR (acetylcholine receptor) deposition and synaptic growth, thus appearing to guide nerve terminals [20] . When terminal Schwann cells were selectively killed in the muscle of living tadpoles using complement-mediated cell lyses, synaptic growth was markedly reduced and terminal retractions were widespread [30] . Thus Schwann cells promote the growth and maintenance of the developing NMJ [31] .
ROLE OF SCHWANN CELLS IN THE RE-ESTABLISHMENT OF THE NMJ AFTER NERVE INJURY
Emerging evidence indicates that the restoration of the NMJ after motor nerve injury depends greatly on terminal Schwann cells. Terminal Schwann cells profusely extend their processes on muscle denervation [32] and induce and guide the growth of nerve sprouts [33, 34] . Both terminal and axonal Schwann cells respond similarly on denervation, as they de-differentiate into immature-like reactive Schwann cells. An important feature of terminal Schwann cell processes is 'bridge' formation between denervated and innervated NMJs after partial denervation. Terminal Schwann cells associated with denervated NMJs extend their processes to adjacent innervated NMJs forming the Schwann cell bridge, which induces axonal sprouting from the innervated NMJs along the bridge to the denervated NMJs [35] . In vivo repeated observations have further confirmed the guidance role of terminal Schwann cells for axonal sprouts [36, 37] .
The importance of terminal Schwann cells in restoration of the NMJ is highlighted in neonatal rodent muscles, which suffer unsuccessful reinnervation after muscle denervation unlike in adult. Thompson and co-workers have shown that the loss of nerve induces apoptosis of terminal Schwann cells and that the absence of Schwann cells results in the lack of axonal sprouts and severely impaired reinnervation and muscle function [38, 39] . This is due to the fact that terminal Schwann cells are still dependent on a nerve-derived factor, NRG, for their survival in the early postnatal period. These experiments, exploited somehow unique situation, present strong evidence for indispensable role of terminal Schwann cells for NMJ restoration in neonatal animals. Bridge formation is affected by activity, such as blockade of transmitter release, muscle stimulation or exercise [35, [40] [41] [42] , although the mechanisms of these effects are not well understood.
The mechanism that triggers terminal Schwann cell sprouting is not clear. NRG1-erbB signalling may play a role in inducing terminal Schwann cell sprouting since NRG1 expression in Schwann cells is up-regulated after denervation [43] . Exogenous application of NRG1 to neonatal muscles or induction of constitutively active erbB2 in terminal Schwann cells induces profuse sprouting of terminal Schwann cells resembling that seen after denervation [44, 45] . Induction of constitutively active erbB2 in muscle during embryonic development is lethal showing severely impaired synapse formation [46] . These experiments display the ability of NRG1 to alter Schwann cell behaviour. However, recently Schwann cell specific ablation of erbB2 in adult mice has shown no detectable effects on the maintenance of myelinated nerves or on the proliferation and survival of Schwann cells after axotomy [47] . Terminal Schwann cells were not examined in that study. In addition, muscle-specific conditional knockout experiments suggest that NRG1 signalling in the muscle is dispensable for NMJ formation [48, 49] . It will be of interest to test the reaction of terminal Schwann cells after nerve injury in these animals [50] . Beside NRG1, application of CNTF (ciliary neurotrophic factor) induces nerve terminal sprouting [51] ; however, CNTF-null mice show both terminal Schwann cells and axonal sprouting after nerve injury or muscle inactivity [52] . Thus, the involvement of CNTF is unlikely. Additionally, several molecules are up-regulated in Schwann cells after denervation, including GAP-43 (growth-associated protein-43) [53] , GFAP (glial fibrillary acidic protein) [54] , low-affinity NGF (nerve growth factor) receptor p75 [55] , nestin [56] , cell adhesion molecule CD44 [57] and transcription factor zinc-finger proliferation 1 [58] . Some of them have been used as reactive Schwann cell markers, but whether they are involved in Schwann cell sprouting remains to be examined.
NO (nitric oxide) might be involved in reinnervation of the NMJ, because, in the mice treated with NO synthase inhibitor, Schwann cell failed to extend their processes and nerve terminal sprouting was barely observed after nerve injury [59] . This may be the reason why Schwann cell bridge formation is impaired in mdx mice, a model for Duchenne muscular dystrophy, in which NO synthase is deficient owing to the defects of dystrophin-glycoprotein complex [60] . Notably, NO are involved in Schwann cell modulation of neurotransmitter release [61] .
Interestingly, chemorepellent Semaphorin 3A is selectively expressed in terminal Schwann cells at fast-fatigable muscle fibres after nerve injury or muscle inactivity [62] . It is proposed that this muscle-fibre-type-specific expression may contribute to suppressing nerve terminal plasticity and vulnerability of the fast fibres in pathological conditions, such as ALS (amyotrophic lateral sclerosis).
Schwann cells may contribute to postsynaptic differentiation by expressing NRG2, a homologue of NRG1, which appears to promote AChR transcription [63] . In addition, Schwann cells express active agrin after nerve injury in frog [64] .
ROLE OF SCHWANN CELLS IN MODULATING NEUROMUSCULAR SYNAPTIC TRANSMISSION
Because glial cells are traditionally regarded as non-excitable, their involvement in synaptic activity was difficult to examine before advanced imaging techniques became available. In this section, we summarize the evidence for the involvement of terminal Schwann cells in neuromuscular transmission.
How do Schwann cells detect neuromuscular transmission?
Similarly to astrocytes in the central nervous system [65] , Schwann cells at the NMJ respond with a transient elevation in the intracellular Ca 2+ level on high-frequency nerve stimulation in frogs [66, 67] and in mice [68] . Since this phenomenon is observed without extracellular Ca 2+ , the major source of Ca 2+ transient is thought to be the internal Ca 2+ store [66, 68] , although Schwann cells possess voltage-sensitive Ca 2+ channels [69] . Neurotransmitter ACh and other molecules co-released from nerve terminals during transmitter release are responsible for eliciting a Ca 2+ response in terminal Schwann cells. Local applications of ACh, ATP, adenosine and substance P, all induce a Ca 2+ response in terminal Schwann cells, and various muscarinic and purinergic receptors have been identified using pharmacological tools [70] . In addition, a recent study has shown that NTs, brain-derived neurotrophic factor and NT-3, but not NGF, also induce Ca 2+ transient in terminal Schwann cells [71] . These studies demonstrate that terminal Schwann cells sense and respond to synaptic activity and neurotrophic factors.
How do Schwann cells modulate neuromuscular transmission?
What [74] . The activation of the receptors stimulates synthesis of NO in the muscle. The NO diffuses to the nerve terminal and causes the depression of transmitter release [61] . For potentiation of transmitter release, it is proposed that prostaglandins produced by the Schwann cells directly act on the nerve terminal [75] .
Although the studies discussed above have shown that terminal Schwann cells are capable of increasing or decreasing transmitter release dependent on which pathway is activated, it is not clear as to what determines which pathway would be activated. Using a novel approach, Reddy et al. [30] have shown that terminal Schwann cell ablation by complement-mediated cell lyses does not affect acute neuromuscular synaptic transmission, but causes chronic nerve retraction and a reduction in neuromuscular synaptic transmission. Because this experiment focused on the outcome in whole muscle level in the absence of terminal Schwann cells, the lack of acute effect may reflect the net effect, since Schwann cells affect transmitter release both negative and positive ways. The complexity of Schwann cell modulation is underlined in the study examining the glial response to altered long-term activity. Chronic blockade of postsynaptic AChR using α-bungarotoxin or chronic nerve stimulation, surprisingly, do not affect terminal Schwann cell Ca 2+ responses [76] . However, further analysis has revealed complex changes in sensitivities to muscarinic and purinergic components in the terminal Schwann cells [76] . Therefore the altered long-term activities do cause the changes in how Schwann cells respond to synaptic transmission, but these changes are not revealed by the overall Ca 2+ responses in the Schwann cells.
In addition, Schwann cell intrinsic factor appears to affect Schwann cell responses [77] . Schwann cells in fast-twitch muscles always showed stronger Ca 2+ response compared with those in slow-twitch muscle regardless of stimulation frequency or level of transmitter release [77] . Thus the characteristic of synaptic activity is not the only determinant but the muscle type also affects Schwann cell modulation. Recently, fast muscle selective expression of Semaphorin 3A in terminal Schwann cells has been reported [62] . How muscle properties affect Schwann cell behaviours remains unknown.
SUMMARY AND PERSPECTIVES
In the present review, we have summarized the role of Schwann cells in the formation and function of the NMJ. During development, Schwann cells are accompanied by motor axons during their migration to the target muscles, and are present at nascent nerve-muscle contacts. Schwann cells are required for the maintenance of the NMJ. In the absence of the Schwann cells, neuromuscular synapses degenerate shortly after the establishment of initial synaptic contacts. Following the formation of the synapses, Schwann cells modulate synaptic activity at the NMJ. Schwann cells also play critical roles in reinnervation of the muscle after nerve injury; they extend their processes to induce and guide axonal sprouts for re-establishing neuromuscular synapses. Thus Schwann cells play important roles at various stages during the formation and function of the NMJ. However, molecular signalling pathways responsible for the interactions among Schwann cells, the presynaptic nerve terminal and the postsynaptic muscle cell remain to be further elucidated. Uncovering the underlying molecular mechanisms will provide vital insights into a better understanding of the biology of the NMJ as well as synapses in the central nervous system.
